The presence of mycotoxins in grains is well documented. Workers in grain handling occupations are commonly exposed to grain dust aerosols. Work in our laboratory has shown that T-2 toxin is highly toxic to rat alveolar macrophages in vitro, causing loss of viability, release of radiolabeled chromium, inhibition of macromolecular synthesis, inhibition of phagocytosis, and inhibition of macrophage activation. Similarly, patulin caused a significant release of radiolabeled chromium, decrease in ATP levels, significant inhibition of protein and RNA synthesis, and inhibition of phagocytosis. The data show that both T-2 toxin and patulin are highly toxic to rat alveolar macrophages in vitro. The data further suggest that the presence of these mycotoxins in airborne respirable dust might present a hazard to exposed workers.
Introduction
Several previous studies have shown that exposure to grain dust can lead to various respiratory disorders (1, 2) , yet much remains to be learned of the role of various grain dust components in pulmonary disease. Grain dust is a heterogeneous mixture that is often contaminated by silica, bacterial endotoxins, insects, mites, mammalian debris, various chemical additives such as pesticides and herbicides, and fungi and their metabolites. Mycotoxins are fungal metabolites. Contamination of various grain products with mycotoxins has been well documented (3) (4) (5) , and recently aflatoxin has been shown to occur in the respiratory fraction of airborne corn dust (6, 7) . More recently, Hayes et al. (8) demonstrated that mortality for total cancer and respiratory cancer in aflatoxin-exposed peanut oil press workers in the Netherlands was higher than expected based on standardized mortality ratio (SMR) analysis.
T-2 toxin is a product of several Fusarium species. Fusarium species are common contaminants of such field crops as corn, wheat, and oats (5, 9) . Toxic metabolites of Fusarium were responsible for a human disease outbreak (alimentary toxic aleukia) and have been implicated as the causative agent in many animal intoxica- tions (10) . Trichothecenes such as T-2 toxin are cytostatic for unstimulated and mitogen-stimulated lymphocytes (11) , fibroblasts (12) , neoplastic cells such as HeLa cells (13) , and transformed intestinal cells (14) . In addition, Lefarge-Frayssinet et al. (15) have shown that T-2 toxin induces severe damage to rat splenic cells in vitro. T-2 toxin induces the depletion of murine thymus (16) , inhibits the synthesis of anti-sheep red blood cell antibodies, and prolongs the period required for skin graft rejection (17) . It strongly inhibits protein and DNA synthesis (18) .
Patulin is a polyketide lactone mycotoxin produced by several common species of Aspergillus and Penicillium. It has been reported to be common in moldy corn silage (19) and in naturally rotted apples (20) . The initial interest in patulin was for its antimicrobial properties, but subsequent work has shown it to be toxic in experimental animals (21, 22) , carcinogenic in rats (23), mutagenic in yeast (24) , and teratogenic in chick embryos (25) . Patulin was also shown to be the etiologic agent in an accidental epidemic of feed poisoning in Japan resulting in the mass death of 118 dairy cows in 1952 (26) . Patulin induces single-strand and double-strand breaks in HeLa DNA (27) and causes a high percentage of polyploid cells in human leukocyte cultures (28) . More recent studies have demonstrated that patulin inhibits transcription in RNA synthesis in a cell-free system from rat liver (29) , inhibits translation of protein syntheses in rabbit reticulocyte lysates (30) , and inhibits synthesis of r-RNA, t-RNA, and probably m-RNA in Saccharomyces cerevisiae (31) .
The purpose of this investigation was to study the toxicity of T-2 toxin and patulin in rat alveolar macrophages in vitro. Pulmonary alveolar macrophages perform several important functions in the lung including phagocytosis of living and nonliving foreign particles, regulation of T-lymphocyte proliferation, provision of T-helper activity for antibody production, and production of mediators of cellular immunity (32) . Thus, cytotoxic damage to alveolar macrophages could lead to serious pulmonary and/or systemic damage. 
Materials and Methods

Mycotoxins
Alveolar Macrophage Isolation and Culture
Alveolar macrophages were harvested from male Long-Evans hooded rats by tracheal lavage (33) (34) (35) . The cells were routinely tested for viability, cell purity, and esterase (34) . Cells were incubated at 37°C in 5% CO2 in Delbecco's medium 199 containing 10% fetal bovine serum (FBS) and antibiotics (100 units/mL penicillin and 100 ,ug/mL streptomycin) unless indicated otherwise.
Viability, Cell Number, and Viability Index Assay
The toxicity of T-2 toxin was studied using the methods described by Waters et al. (36, 37 bValues are significantly different from controls.
'Not determined.
L-glutamine but lacking leucine (33, 35 (38) . The monolayers were then incubated 1 hr. Next, the medium was removed and the bound extracellular sheep cells were lysed with lysing medium (38) . The monolayers were washed twice more with lysing medium, dissolved with 0.5% sodium dodecyl sulfate (SDS), and counted by gamma scintillation (38) .
Activation of Alveolar Macrophage by Lipopolysaccharide AM monolayers were prepared and incubated in 1 mL medium 199 containing 10 ,ug/mL lipopolysaccharide (LPS). After 15 hr incubation with LPS, the medium was removed and replaced with fresh medium containing various concentrations of T-2 toxin and [14C]-glucosamine and incubated for 6 hr. The monolayers were then rinsed, solubilized, and counted by liquid scintillation. Activation was expressed as the stimulation index relative to untreated controls (35) .
Lymphokine Activation of Alveolar Macrophages AM activation with lymphokines was assayed as has been described for LPS activation. Briefly, crude lymphokine preparations were made from lymphocytes isolated from rat spleens and tested for their ability to stimulate incorporation of ['4C]-glucosamine. The details of this procedure have been described elsewhere (35) .
Results
Studies with T-2 Toxin
The cellular characteristics of isolated and cultured rat alveolar macrophages are presented in Table 1 . The data indicate that the cultured cells are a viable and nearly homogeneous population of AM.
The effect of T-2 toxin on viability, cell number, and viability index is presented in Figure 1 (A-C, respectively). According to Waters et al. (36, 37) , the arcsine transformation is appropriate for dose-response studies and viability index provides a better indication of cytotoxicity than either percent viability or the cell number ratio when cell lysis is rapid. there was a trend toward increasing chromium release with increasing T-2 toxin concentration at 6 hr, there was no significant difference between treated and control cultures at any dose < 1 x 10' M T-2 toxin. On the other hand, there was a significant increase in chromium release in cultures treated for 18 hr at 1 x 10-" M T-2 toxin. Thus, the effects of T-2 toxin were both dose-and time-dependent. ATP levels in cultures treated with T-2 toxin showed a slight but not significant (p > 0.05) elevation in ATP (35) . Figure 2 illustrates the effect ofT-2 toxin on synthesis of protein ( Fig. 2A) and RNA (Fig. 2B) in cultured rat AM. The results indicate that control cultures incorporated labeled precursors at a nearly linear rate, whereas incorporation of label into macromolecules was reduced in the presence of T-2 toxin. The inhibitory effect was most remarkable with respect to protein synthesis. For example, leucine incorporation ceased immediately in cultures containing 1 x i0n M T-2 toxin and terminated after 2 hr incubation in cultures con- cantly inhibited at I x 10-M but not at 1 x le M to patulin was both time-and concentr#tion-dependent.
T-2 toxin (Table 4 ). In two identical experiments the Treatment of these cells at > 1.5 x 10-4 M caused phagocytic activity of AM cultures treated with 1 x significant chromium release within 30 min (Table 6 ).
10-7M T-2 toxin was reduced to 83.5 and 82.1% ofcontrol Adenosine triphosphate (ATP) concentrations in AM cultures. monolayer cultures were markedly inhibited within 1
The effect of T-2 toxin on AM macrophage activation hr at concentrations of > 5 x 10-5 M patulin (Table 7) .
was determined by incubating AM with either LPS (10 Incorporation of [3H]-precursors into protein and ,ug/mL) or lymphokines generated by mitogen-stimu-RNA was also strongly inhibited by patulin (Table 6) . lated rat lymphocytes. LPS markedly enhanced [14C]-Inhibition was both time-and concentration-dependent glucosamine uptake. However, both 1 x 10 M and 1 for both classes of molecules but protein synthesis was x i0-7 M T-2 toxin caused significant inhibition of [14C]-sensitive to 10-to 100-fold lower concentrations of paglucosamine uptake in LPS-stimulated cultures (Table tulin than (Table 5 ). An identical experiment, performed sheep erythrocytes (Table 8) Table 9 ). bOne-tailed t test, 8 degrees of freedom e% release = (treated-spontaneous)/(total-spontaneous).
d Untreated control cells. eCells lysed with Triton X-100. 
Discussion
Viability determinations after exposure of AM to submicromolar concentrations of T-2 toxin for 20 hr demonstrated that the toxin was cytotoxic and that the effect of T-2 toxin on AM viability, cell number, and viability index was dose dependent. The viability index parameter developed by Waters et al. (36, 37) at the Environmental Protection Agency to assess cytotoxicity of environmental compounds is useful when cell death proceeds via mechanisms that result in differing degrees of cell lysis.
Mean cell volume values in cells treated with T-2 toxin for 6 hr were not significantly different from untreated cells but AM incubated 18 Chromium release studies were performed after 6 and 18 hr of incubation to study the effect of T-2 toxin on membrane integrity. At low concentrations known to inhibit protein and RNA synthesis, there was no effect on the amount of chromium released after 6 hr of exposure. However, with 1 x 10-5 M T-2 toxin, a significant amount of chromium was released after 6 hr in comparison to control cultures. There was extensive leakage of chromium from cells treated for 18 hr at S 1 x 10-8 M T-2 toxin. It is unlikely that membrane damage plays a significant role in cytotoxicity at low concentrations of T-2 toxin at -6 hr, since sublethal concentrations of T-2 toxin significantly inhibited protein synthesis without significant chromium release.
The most remarkable effect of T-2 toxin on rat alveolar macrophage was on protein synthesis. Inhibition of protein synthesis occurred at an earlier time and with a lower concentration of T-2 toxin than RNA synthesis, viability index, mean cell volume changes, or chromium release. It is possible that these other effects are secondary to the inhibition of protein synthesis observed. Measurements of ATP levels in treated cells suggest that the inhibition of protein synthesis observed cannot be explained by depletion of ATP levels in the cells. Although there was a 90% decrease in ATP levels in the positive control (sodium iodoacetate), there was no decrease in cultures treated with T-2 toxin at concentrations which significantly inhibit protein synthesis (35) . T-2 toxin had a significant effect on phagocytosis of serum-opsonized S. aureus. Massaro et al. (39) have shown that protein synthesis is not required and is depressed during phagocytosis. It is possible, however, that T-2 toxin inhibits phagocytosis by inhibiting the synthesis of proteins needed for the phagocytosis, without directly inhibiting the endocytosis process per se. Several proteins are known to be required for phagocytosis (40) (41) (42) .
The activated AM is a critical component of the immune response. For example, activated macrophages demonstrate an increased capacity of phagocytosis and increased production of various monokines involved in regulation of both T-and B-cell function (43). Hammond and Dvorak (44) have observed that activated macrophages preferentially incorporate glucosamine into their membranes. Our results indicate that T-2 toxin significantly inhibited AM incorporation of labeled glucosamine (Table 5) . Macrophage activation was further investigated by stimulating the cells with mitogengenerated lymphokines in the presence and absence of T-2 toxin. The results clearly demonstrate that macrophage activation is due to the lymphocyte mediators and not due to the mitogens. AM activation by LPS and the crude lymphokines, as assayed by glucosamine incorporation, is also significantly inhibited by T-2 toxin. By suppressing macrophage activation the cell becomes unable to function normally as an immunologically competent cell. The means by which T-2 toxin inhibits AM activation is probably due to the ability of the toxin to inhibit protein synthesis. Inhibition ofmacrophage monokines such as lymphocyte-activating factor (interleukin I), which are known to help regulate the immune response to foreign antigens, would be quite detrimental to the immunological state of an individual. Also, inhibition of phagocytosis would likely increase susceptibility to opportunist infections. Since there is abundant evidence that macrophages in collaboration with T-and B-lymphocytes can destroy neoplastic cells in vivo (45, 46) , the possibility that exposure to T-2 toxin could lead to increased risk for cancer should be considered. In this context, Schoental et al. (47) have reported induction of tumors of the digestive tract and the brain in rats given T-2 toxin by intragastric administration.
Patulin is toxic to rat alveolar macrophages in vitro, causing an increase in mean cell volume, chromium release, decrease in cellular ATP, inhibition ofprotein and RNA synthesis, and inhibition of phagocytosis. Mean cell volume and chromium release reflect membrane transport properties. Our data suggest the possibility that patulin may have a direct effect on the membrane (33) because these effects were observed more quickly than one would predict as a secondary effect ofinhibition of protein synthesis. In contrast, the effect of T-2 toxin on mean cell volume and chromium release was delayed and appeared to be secondary to the inhibition ofprotein synthesis. T-2 toxin is approximately two orders ofmagnitude more toxic to protein synthesis in these cells than patulin, yet T-2 toxin had no measurable effect on mean cell volume, chromium release or ATP levels after 6 hr exposure at levels of T-2 toxin which strongly inhibited protein synthesis. The decrease in mean cell volume observed after 18 hr exposure appeared to be the result of cell fragmentation. Thus the action of patulin in these cells is distinct from that of T-2 toxin. Patulin had a roughly comparable effect on phagocytosis to T-2 toxin if one considers both dose and exposure time, even though T-2 toxin was more toxic than patulin with respect to protein synthesis. Cells treated with 5 x 10-M patulin for 1 hr had a similar phagocytic response to cells treated with 10O M T-2 toxin for 6 hr.
T-2 toxin and patulin were shown to inhibit several critical cellular functions in cultured alveolar macrophages. Therefore, inhalation of airborne grain dust or silage particulates contaminated with these mycotoxins could have deleterious effects on normal macrophage function and could pose a hazard to exposed workers.
